Background: Some patients with type 2 diabetes mellitus (T2DM) on insulin have poor glycemic control and require add-on therapy to reach target glucose values. Increased insulin doses or the addition of an oral antidiabetic drug (OAD) may improve glycemic control, but many patients fail to achieve target values. The aim of this study was to compare the treatment efficacy and safety of three different therapies in such patients.
Introduction
Physicians in clinical practice often encounter patients with type 2 diabetes mellitus (T2DM) on insulin who have poor glycemic control and require add-on therapy to reach target glucose values. Increased insulin doses or the addition of an oral antidiabetic drug (OAD) may improve glycemic control, but many patients still do not achieve target values [1] [2] [3] . Insulin therapy using basal and mixed insulin may effectively reduce fasting plasma glucose (FPG), but appropriate control of acute rises in postprandial glucose levels is often more difficult [4] [5] [6] . Moreover, even if insulin dose adjustments can improve glycemic control, insulin doses often cannot be increased because of a risk of hypoglycemia and weight gain [7, 8] . Therefore, the ideal treatment of T2DM patients aims at glycemic control without hypoglycemia, without weight gain, and with minimal glycemic excursions.
Interest has focused on the kidney as a potential new therapeutic target in patients with T2DM because the kidney filters and reabsorbs approximately 180 g of glucose per day [9] , and, in T2DM, renal glucose reabsorption is maladaptively increased [10, 11] . The sodium-glucose cotransporter 2 (SGLT2) is a low-affinity, high-capacity transporter located in the S1 segment of the proximal convoluted tubule of the nephron that mediates the majority of renal glucose reabsorption from the glomerular filtrate.
Tofogliflozin, a competitive and highly selective inhibitor of SGLT2, reduced renal glucose reabsorption, dose-dependently increased urinary glucose excretion [12] , and reduced hyperglycemia in patients with T2DM [13, 14] . Therefore,
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J Clin Med Res. 2016;8 (11) :805-814 among the currently available SGLT2 inhibitors, tofogliflozin excels for reducing postprandial glucose [15] . Because tofogliflozin acts independently of insulin secretion or action, it may provide additional glycemic control when used with insulin in patients with advanced β-cell failure [16] . Moreover, energy loss and osmotic diuresis secondary to increased urinary glucose excretion and natriuresis may counter insulin-related weight gain and fluid retention, respectively. A greater number of insulin injections in T2DM patients increase treatment burden and may be a reason for reduced patient adherence to diabetes treatment [17, 18] . Changes to improve glycemic control such as switching from one or two to more frequent insulin injections daily, increasing from one type to two different types of insulin, and in some cases, increasing insulin injections to 4 -5 times daily are often difficult to achieve in outpatient settings. Therefore, if patients with poor glycemic control despite frequent insulin treatment can safely be switched to basal supported oral therapy (BOT) using basal insulin and an SGLT2 inhibitor, this can improve glycemia in outpatient care without reducing patient quality of life (QOL).
Therefore, in this study, patients with poor glycemic control despite insulin therapy were divided into three groups to receive treatment with one of insulin dose-increase therapy, tofogliflozin add-on therapy, or a combination of insulin glargine + tofogliflozin, and treatment efficacy and safety were compared.
Materials and Methods
This study included T2DM patients with poor glycemic control (HbA1c ≥ 7.0%) despite insulin therapy (including patients on OADs other than an SGLT2 inhibitor) treated in our outpatient clinic between June 2014 and June 2015. The included patients had a body mass index (BMI) of ≥ 22 kg/m 2 and an estimated glomerular filtration rate (eGFR) of ≥ 45 mL/min/1.73 m 2 , did not have depletion of endogenous insulin, and had stable glucose levels for 3 months before study entry on insulin therapy (dose ≥ 10 units/day for ≥ 6 months). The nature of the study was explained, and informed consent was obtained from all participants.
The patients were randomly assigned in a 1:1:1 ratio into three groups for treatment with insulin dose-increase therapy (insulin group), tofogliflozin add-on therapy (insulin + tofogliflozin group), or a combination of insulin glargine + tofogliflozin (glargine + tofogliflozin group). Treatment was continued for 24 weeks according to the protocol described below. The primary endpoints in this prospective study were HbA1c, weight, and total insulin dose. Secondary endpoints included FPG, blood pressure, lipid profiles, and the incidence of adverse events.
In the insulin group, insulin doses were adjusted according to an "insulin dose algorithm" (Table 1 ) to achieve a target FPG of 110 -130 mg/dL. Basal and mixed insulin doses were based on average pre-breakfast glucose levels for 3 days before an outpatient visit. These doses were titrated according to the dose adjustment algorithm (Table 1 ). This algorithm was used only if there were no episodes of severe hypoglycemia. Patients on basal-bolus insulin therapy were asked to first adjust their basal insulin dose before considering a change in their bolus insulin dose (excluding when the treating physician deemed it absolutely necessary that the bolus insulin dose first be adjusted). Bolus insulin doses were adjusted at the discretion of the treating physician. Priority over this algorithm was given to the clinical judgement of the treating physician to avoid adversely affecting the patients' safety. In addition, if measured glucose levels were low without any specific cause, the basal or mixed insulin doses were decreased as shown in Table 1 .
In the insulin + tofogliflozin group, the insulin dose remained fixed, and tofogliflozin 20 mg once daily after breakfast was given as add-on therapy. In the glargine + tofogliflozin group, the starting dose of glargine (once daily in the morning) was 0.7 units × the total units of insulin per day of all insulin preparations used up to that time. Tofogliflozin 20 mg once daily after breakfast was given as add-on therapy.
In all three groups, OADs that were already being used were continued during the study period. Patients used with other drugs that might affect glucose metabolism were excluded during the study.
Patients were instructed to follow a stable diet and exercise regimen after enrolment. The protocol was approved by institutional review boards and/or independent ethics committees (E14-06), and all participants gave their written, informed consent. The study was carried out in accordance with the principles of the Declaration of Helsinki (2004 version) and the requirements of Good Clinical Practice.
The data were expressed as mean (standard deviation (SD)) values. Statistical analysis included the paired t-test and the Mann-Whitney test using GraphPad Prism Version 6.07. The level of significance (two-sided) was 5%.
Results

Patients
At entry into the study, the median age of the participants was 59.0 years, the mean BMI was 28.7 kg/m 2 , and the mean eGFR was 89.2 mL/min/1.73 m 2 . The mean duration of insulin ther- apy was approximately 7 years, around half of the time since the diagnosis of T2DM (14.9 years). The mean daily insulin dose was approximately 40 U in the three groups. Overall, 85% received other background OADs in addition to insulin (principally metformin), the mean baseline HbA1c was 8.7%, and the mean baseline FPG was 174.1 mg/dL. Table 2 summarizes the baseline characteristics of the patients in the three groups. Most patients in each group were using mixed insulin, followed next by patients using bolus + basal insulin. All characteristics were balanced across the randomized groups at baseline.
Change in HbA1c and FPG
Mean HbA1c levels (95% confidence interval (CI)) decreased significantly from baseline to after 4 weeks in all three groups. The mean change in HbA1c from baseline to 24 weeks was -0.3% in the insulin group (95% CI: -0.60 to 0.02), -1.0% in the insulin + tofogliflozin group (95% CI: -1.49 to -0.59), and -0.8% in the glargine + tofogliflozin group (95% CI: -1.28 to -0.22) ( Fig. 1 and Table 3 ). Regarding between-group differences, compared to the insulin group, the mean reduction in HbA1c was significantly greater in the insulin + tofogliflozin group (-0.65%, P = 0.0052) (Fig. 1 ).
The mean changes (significant decreases) in FPG from baseline to 24 weeks were -10.9 mg/dL in the insulin group (95% CI: -20.9 to -0.87 mg/dL), -61.3 mg/dL in the insulin + tofogliflozin group (95% CI: -81.9 to -39.8 mg/dL), and -33.1 mg/dL in the glargine + tofogliflozin group (95% CI: -46.4 to -19.7 mg/dL) ( Fig. 2 and Table 3 ). n: number of patients in the full analysis set. BMI: body mass index; OAD: oral antidiabetic drug; SD: standard deviation; SBP: systolic blood pressure; DBP: diastolic blood pressure. All characteristics were balanced across the randomized groups at baseline.
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Change in insulin dose
The change in mean total daily insulin dose from baseline was 5.1 U in the insulin group (95% CI: 3.10 to 7.02 U), a significant increase of 14.2%. In contrast, the changes in mean total daily insulin dose from baseline were -2.6 U in the insulin + tofogliflozin group (95% CI: -5.57 to 0.45 U) and -12.7 U in the glargine + tofogliflozin group (95% CI: -15.2 to -10.2 U). These were significant decreases of -6.2% and -34.8%, respectively ( Fig. 3 and Table 3 ). Regarding between-group differences, compared to the insulin group, the mean reduction in insulin dose was significantly greater in the insulin + tofogliflozin group (-0.4 U, P < 0.0001) and in the glargine + tofogliflozin group (-17 U, P < 0.0001) (Fig. 3) .
Change in weight
The change in mean weight from baseline was 0.6 kg in the insulin group (95% CI: -0.28 to 1.39 kg), which was a slight increase. In contrast, the changes in mean weight from baseline were -2.9 kg in the insulin + tofogliflozin group (95% CI: -4.46 to -1.27 kg) and -3.4 kg in the glargine + tofogliflozin group (95% CI: -4.87 to -1.91 kg). These were significant decreases ( Fig. 4 and Table 3 ). Regarding between-group differences, compared to the insulin group, the mean reduction in weight was significantly greater in the insulin + tofogliflozin group (-2.95 kg, P = 0.0001) and in the glargine + tofogliflozin group (-3.75 kg, P < 0.0001).
There was no significant difference between the insulin + tofogliflozin group and the glargine + tofogliflozin group (Fig. 4) .
Changes in systolic blood pressure (SBP) and diastolic blood pressure (DBP)
The change in SBP from baseline was 1.1 mm Hg in the insulin group (95% CI: -5.83 to 7.97 mm Hg), which was a slight increase. In contrast, the changes in SBP were -4.2 mm Hg in the insulin + tofogliflozin group (95% CI: -10.66 to 2.33 mm Hg) and -7.8 mm Hg in the glargine + tofogliflozin group (95% CI: -15.27 to -0.26 mm Hg) ( Fig. 5 and Table 3 ). The decrease was significant only in the glargine + tofogliflozin group. The change in DBP from baseline, similar to SBP, was 0.5 mm Hg in the insulin group (95% CI: -5.60 to 6.67 mm Hg), which was a slight increase. In contrast, the changes in DBP were -5.6 mm Hg in the insulin + tofogliflozin group (95% CI: -13.71 to 2.49 mm Hg) and -3.3 mm Hg in the glargine + tofogliflozin group (95% CI: -8.68 to 2.06 mm Hg). DBP tended to decrease (Fig. 6 and Table 3 ).
Change in other parameters
In the glargine + tofogliflozin group, there was a significant decrease in triglycerides and total cholesterol (Table 3) . However, there was no trend toward any increase or decrease in the lipid profiles with the addition of tofogliflozin itself.
The eGFR was significantly decreased in the insulin group and the insulin + tofogliflozin group (Table 3) . Table 4 shows the incidence of hypoglycemia in each group. Adjusted mean changes over 24 weeks in HbA1c (%). Data are adjusted mean ± standard deviation (SD) at baseline and adjusted mean ± SD on treatment. *P < 0.05 vs. baseline; **P < 0.01 vs. baseline; ***P < 0.001 vs. baseline by paired t-test. Above P values were derived using Mann-Whitney analysis to examine between-group differences.
Safety and tolerability
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Insulin (n = 15)
Insulin + tofogliflozin (n = 19)
Glargine + tofogliflozin (n = 19)
HbA1c, % Baseline (SD) Adjusted mean change from baseline (95% CI; P-value) Adjusted mean changes over 24 weeks in total insulin dose (U). Data are adjusted mean ± standard deviation (SD) at baseline and adjusted mean ± SD on treatment. *P < 0.05 vs. baseline; **P < 0.01 vs. baseline; ***P < 0.001 vs. baseline by paired t-test. Above P values were derived using Mann-Whitney analysis to examine between-group differences. . Data are adjusted mean ± standard deviation (SD) at baseline and adjusted mean ± SD on treatment. *P < 0.05 vs. baseline; **P < 0.01 vs. baseline; ***P < 0.001 vs. baseline by paired t-test.
Above P values were derived using Mann-Whitney analysis to examine between-group differences.
Figure 5.
Adjusted mean changes over 24 weeks in systolic blood pressure (mm Hg). Data are adjusted mean ± standard deviation (SD) at baseline and adjusted mean ± SD on treatment. *P < 0.05 vs. baseline; **P < 0.01 vs. baseline; ***P < 0.001 vs. baseline by paired t-test analysis.
Severe hypoglycemia did not occur in any group. Because the occurrence of hypoglycemia was low in each group, the number of patients with hypoglycemia during follow-up is shown. There was no significant difference among the groups. There were no serious adverse events, and tolerability was excellent.
Discussion
In T2DM patients on insulin therapy with poor glycemic control, HbA1c in the insulin group initially decreased slightly and then plateaued over the 24-week period. Daily total insulin dose and weight increased during this period, and blood pressure also increased slightly. On the other hand, in the insulin + tofogliflozin group and the glargine + tofogliflozin group, HbA1c decreased greatly initially, and this continued over the 24-week period, with decreases in HbA1c of -1.0% and -0.8%, respectively. During this time, total daily insulin dose (-2.6 and -12.7 U, respectively) and weight (-2.9 and -3.4 kg, respectively) decreased, and blood pressure also decreased slightly.
The results of treatment with SGLT2 inhibitors in T2DM patients already on insulin therapy have previously been reported overseas. Data from doses similar to standard doses of SGLT2 inhibitors in Japan have been extracted. In a study using canagliflozin 100 mg for 52 weeks [19] , significant decreases in HbA1c of -0.58% (95% CI: -0.68 to -0.48%) and weight of -2.8 kg (95% CI: -7.4 to -5.2 kg) compared to a control group were reported. In studies using dapagliflozin 10 mg for 12 weeks [20] and dapagliflozin 5 mg for 48 weeks [21] , significant decreases in HbA1c of -0.7% (95% CI: -1.1 to -0.3%) and -0.49% (95% CI: -0.65 to -0.33%), respectively, and significant decreases in weight of -2.6 kg (95% CI: -4.0 to -1.2 kg) and -1.82 kg (95% CI: -2.56 to -1.07 kg), respectively, compared to control groups, were reported.
In other studies using empagliflozin 10 mg for 52 weeks and for 78 weeks [22, 23] , significant decreases in HbA1c of -0.44% (95% CI: -0.59 to -0.29%) and -0.5% (95% CI: -0.7 to -0.2%), respectively, and significant decreases in weight of -2.39 kg (95% CI: -3.40 to -1.39 kg) and -2.9 kg (95% CI: -4.9 to -1.5 kg), respectively, compared to control groups, were reported. No increases in adverse events such as hypoglycemia or ketoacidosis compared to the control groups were reported in any of those studies.
When compared to the present study results (usual dose of tofogliflozin is 20 mg in Japan, corresponding to the pre- sent insulin + tofogliflozin group), the changes in HbA1c at 24 weeks in the above studies were about the same, namely, a significant decrease of about -1.0% in HbA1c. The decreases in weight at 24 weeks were also similar to those in the present study. Moreover, the baseline HbA1c levels in those studies were similar to those in the present patients. Therefore, the effects of SGLT2 inhibitor add-on therapy on HbA1c and weight in T2DM patients already on insulin therapy are probably similar in Western and Japanese patients. However, in the present patients, the total daily insulin dose decreased -2.6 U (-6.2%) with the addition of tofogliflozin. In the above previous overseas studies, insulin doses increased in the placebo groups, whereas there was no change (no increase or decrease) in the SGLT2 inhibitor add-on therapy groups. The absolute weight reduction was similar in the present patients and the overseas patients. Therefore, because Japanese persons tend to weigh less than Westerners, the same degree of weight loss is likely to correct insulin resistance to a greater extent in Japanese patients. Thus, insulin resistance may be improved to such an extent that the total insulin dose can be decreased.
The use of glargine + tofogliflozin as a novel treatment strategy in the present study is worthy of attention. HbA1c of course improved, but this regimen also had the greatest effects on weight loss and decrease in total insulin dose. Insulin is an anabolic hormone that promotes lipid synthesis. Therefore, patients on insulin therapy with weight gain are often seen in clinical practice. The present glargine + tofogliflozin group had a large decrease in insulin dose from prior therapy based on the protocol (starting with a 30% total insulin dose reduction from prior treatment). This may have reduced insulin-induced lipid synthesis, thus promoting weight loss. Tofogliflozin has potent effects on correcting postprandial hyperglycemia; thus combined treatment with basal insulin (glargine) only, without the need for bolus insulin, can improve HbA1c. In addition, without the need for bolus insulin, snacking for hypoglycemia may decrease, which also can lead to weight loss.
The present study did not evaluate patient treatment adherence, but Peyrot et al reported increased burden in diabetic patients who used frequent insulin injections [18] . Therefore, with glargine + tofogliflozin, the reduction in total insulin dose together with only one daily insulin injection reduces patient burden, thus presumably contributing to improved glycemic control. Therefore, in T2DM patients poorly controlled on insulin therapy, tofogliflozin + once-daily injection of glargine may be an effective treatment strategy.
The influence of SGLT2 inhibitors on lipid metabolism has been reported previously. Findings such as a rise in HDL cholesterol or fall in triglycerides were not clearly observed in the present study. The reason why no large changes occurred is probably because most (79.8%) of the patients in the present study were already using statin drugs and had lipid profiles that were within normal limits. Tofogliflozin add-on therapy was associated with a decrease in eGFR. However, a reduction in eGFR for up to approximately 6 months, followed later by recovery and then maintenance of eGFR has previously been reported [24] . In other words, tofogliflozin does not worsen renal function. Circulating volume is transiently reduced after administration of tofogliflozin, glomerular hyperfiltration is restored to normal filtration, and with an improvement in glucose levels, eGFR may be apparently decreased.
The present study showed the following benefits of tofogliflozin add-on therapy to insulin therapy: 1) tofogliflozin can promote weight loss, which is increased by insulin therapy, thus preventing obesity; 2) tofogliflozin can correct postprandial hyperglycemia not suppressed by an insulin preparation; and 3) tofogliflozin can reduce required insulin doses.
This study has limitations. The relatively small number of patients and the short duration of the follow-up period prevented accurate assessment of the effectiveness of the treatment. Large-scale, long-term, randomized, controlled studies that evaluate endogenous insulin secretion ability are needed to confirm the findings of the present study.
In conclusion, in patients whose T2DM was inadequately controlled despite high-dose insulin therapy, adding tofogliflozin and the combination of tofogliflozin and glargine reduced HbA1c levels, weight, and the dose of insulin over 24 weeks without increasing rates of hypoglycemia. Conversely, in patients who received insulin dose-increase therapy, a progressive increase in insulin dose and weight was observed. Overall, tofogliflozin therapy was well tolerated. These data suggest that tofogliflozin may offer a new treatment option for patients whose T2DM remains inadequately controlled on insulin therapy with or without additional oral glucose-lowering agents.
